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Hybrid Mass
Spectrometry:
Towards
Characterization of
Protein
Conformational
States
Zainab AhdashQ1 ,1 Euan Pyle,1,2
and Argyris Politis1,*
A current challenge in structural
biology is to unravel the conforma-
tional states of protein complexes.
Hybrid mass spectrometry (MS)
has emerged as a key tool to study
the structural dynamics of large
protein complexes unattainable
by traditional methods. Here, we
discuss recent advances in hybrid
MS allowing characterization of
challenging biological systems.
Hybrid approaches in structural biology
integrate diverse methods to study the
structure and dynamics of proteins and
their complexes. In this context, MS-
based hybrid methods have emerged
as a pivotal tool for investigating the
molecular architectures and dynamic
interactions of challenging protein com-
plexes [1]. As such, hybrid MS methods
contribute complementary structural and
dynamical information that can subse-
quently be integrated with sophisticated
computational tools for interrogating
structural models of protein complexes.
A core method in such methods is native
MS, which has seen signiﬁcant advances
over the past decade and is now used as
a primary tool to uncover protein complex
topologies and protein–protein interac-
tions [2]. Combining native MS with ion
mobility (IM) unravels low-resolution
structural information, allowing the exam-
ination of structural models generated by
computational approaches [3]. These
methods can complement powerful
chemical modiﬁcation methods, such as
chemical cross-linking [4,5], covalent
labelling [6], and hydrogen deuterium
exchange (HDX) [7], which, when fol-
lowed by MS, allow mapping of pro-
tein–protein interactions and solvent
accessibility. The main advantage of
MS-based methods over traditional
structural approaches is their ability to
study heterogeneous and low-abundant
complexes. Their computational data can
be integrated to bring together comple-
mentary mass spectrometric experi-
ments performed on the same sample,
enabling a topological map of protein
complexes and their associations with
other biomolecules.
Integrative structure determination using
advanced modelling was introduced by
the Sali group [8] and, since then, it has
been used for modelling large macromo-
lecular complexes, such as the protea-
some [9], ribosomes [10], and others. A
milestone in integrative modelling
approaches was the merging of heteroge-
neous data from different MS-based
methods [1] enabling atomic-level charac-
terization of dynamic (sub)complexes and
their transient associations with other bio-
molecules. Recently, IM has been coupled
with MS (IM-MS), which, in conjunction
with molecular dynamics (MD) simula-
tions, was used to assign ﬂexible regions
within a V-type ATP synthase from Ther-
mus thermophilus [11]. This pioneering
study illustrated the potential of integrating
mass spectrometric with computational
strategies to study protein complex
dynamics. The signiﬁcant advancement
of hybrid methods involving chemical
modiﬁcation followed by MS enabled their
application to highly dynamic transmem-
brane proteins, such as the G-protein-
coupled receptors (GPCRs) and their sig-
nalling partners [12]. It is anticipated that
emerging MS-based hybrid strategies will
be used in the future for studying the
conformational dynamics of increasingly
complex systems, such as membrane
protein complexes, and other challenging
targets that continually frustrate structural
biologists. Such dynamic complexes and
their intermediate assemblies are normally
present in very low amounts and, thus, are
unsuitable for traditional structural
approaches.
The hybrid MS strategy couples any puri-
ﬁcation protocol with different MS experi-
ments and computational and data
analysis (Figure 1). Initially, the puriﬁed
protein complex of interest is aliquoted
and subjected to different MS experi-
ments yielding complementary informa-
tion about protein complex structure
and dynamics. In particular, IM-MS tech-
niques are allowed information regarding
the structural dynamics and conforma-
tional heterogeneity of protein assemblies.
IM-MS measures the shape of different
ions based on the time taken to traverse
in the drift cell of a mass spectrometer. By
converting the arrival time distributions
(ATDs) of different ions into the rotationally
averaged collision cross section (CCS),
we can derive topological information
about protein complexes, which allows
the interrogation of structural models gen-
erated by computational methods. Ions
with multiple conformations result in
broad, Gaussian-shaped ATD, whereas
single conformations correspond to nar-
row ATD peaks [11]. Additional Informa-
tion about protein dynamics is attained by
monitoring the exchange of labile protons
for bulk deuterium using HDX followed by
MS [7]. HDX-MS experiments report time-
dependent changes in weighted average
peptide masses, which yields rates of HDX
within different regions of the protein.
Such information about the uptake of deu-
terium over time is used to map the bind-
ing interfaces and solvent accessibility on
the surface of the investigated system.
Covalent labelling of accessible residues
followed by MS allows mapping of acces-
sible residues on the surface of protein
complexes, enabling information
complementary to that from HDX-MS
[6]. Comparative cross-linking MS allows
the mapping of the changes that occur in
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cross-linked peptides as a response to
conformational dynamics triggered by a
transition state. The information generated
is converted into modeling restraints,
which are subsequently used to feed a
computational workﬂow for building 3D
models of macromolecular complexes.
Integrating the complementary MS experi-
ments with computational algorithms
holds great promise for the study of pro-
tein complexes that are not amenable to
study by traditional structural techniques.
In particular, unravelling the conforma-
tional states of dynamic protein com-
plexes intractable by crystallographic
and other approaches is currently the
major goal of integrative structural biology.
To this end, the combination of various
MS approaches brought together by inte-
grative modelling tools will become a pri-
mary method for studying increasingly
large and dynamic assemblies; their com-
plementarity to other structural biology
methods will make inroads to novel meth-
odological developments and integrative
strategies.
To bring together diverse data sets that
otherwise will be reported independently,
a computational workﬂow that utilises the
restraints generated from the different
experiments is used [1,8]. This workﬂow
is usually divided into distinct steps, starting
from determining the individual compo-
nents of the assemblies and ending by
building a protein assembly model describ-
ing its conformational states (Figure 2). Ini-
tially, the protein complex components
representing the individual complex subu-
nits and/or the building blocks are selected
using available structural information. The
starting complex components can be rep-
resented by atomic-level structures (e.g.,
X-ray crystallography, NMR, or homology
modelling), molecular maps or images,
coarse-grained structural models, or hybrid
representations typically made up by a
combination of the above. With the starting
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Figure 1. Mass Spectrometry (MS)-Based Hybrid Strategy for Generating Modelling Restraints. The protein complex of interest is puriﬁed using appropriate
puriﬁcation protocols, followed by proteomics experiments that provide a detailed list of the components within the protein complex. Native MS coupled with ion mobility
(IM)-MS yield topological information of macromolecular complexes, while inspecting the proﬁle of arrival time distributions (ATDs) enables additional information about
their conformational heterogeneity. Labelling strategies followed by MS, such as hydrogen deuterium exchange (HDX)-MS and covalent labelling complement such
information, allowing mapping of surface-accessible residues and the identiﬁcation of dynamic regions on the surface of proteins. Comparative cross-linking analysis
provides information about inter-residue proximities in response to stimuli and can be used for capturing protein conformational states.
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structures in hand, a scoring function is
used to guide the sampling of protein
complex conﬁgurational space. The scor-
ing function essentially sums up the
modeling restraints generated to ﬁnd
the best match between the input data
and the large number of models gener-
ated using sampling algorithms available.
Such algorithms are able to search for
protein complex conformational states
by computationally handling the dynamic
rearrangements of the individual subunits
as they assemble into functional com-
plexes. Finally, data analysis strategies
can be applied to reﬁne the models built
and to judge the uniqueness of the sol-
utions reached. Overall, such state-of-the
art workﬂow can enable the building of
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Figure 2. Computational Strategy for Building 3D Models of Native Protein Complexes. The experimental information generated is encoded into modelling
restraints, which are brought together using a scoring function. The scoring function guides the sampling algorithms, allowing the conformational space of protein
assemblies on timescales comparable to experiments to be sampled. This enables the generation of models consistent with the input experimental data.
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accurate 3D model structures, represent-
ing the best ﬁt to the acquired experimen-
tal measurements.
Concluding, MS-based hybrid approaches
combined with sophisticated modelling
tools have emerged as a key strategy for
investigating the structure and conforma-
tional states of native macromolecular com-
plexes. It is expected that the application of
such strategies will continue to increase,
particularly because the size, complexity,
and dynamics of target systems is increas-
ing. A particularly exciting direction is the
ability of this method to map the dynamic
interactions between proteins and other
biomolecules. This will require the continu-
ing development of experimental and
computational methods to capture the con-
formational heterogeneity of protein assem-
blies. For instance, extending the individual
technologies and computational tools for
targeting membrane-embedded proteins
and their dynamic associations with lipids
and substrates will make inroads in under-
standing complex functional states, under-
lying efforts for drug discovery and human
health.
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